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 NTCP reduction for advanced head and neck cancer patients 
using proton therapy for complete or sequential boost treatment 
versus photon therapy        

    ANNIKA     JAKOBI  1  ,       KRISTIN     ST Ü TZER  1  ,       ANNA     BANDURSKA-LUQUE  1,2  , 
      STEFFEN     L Ö CK  1  ,       ROBERT     HAASE  1  ,       LINDA-JACQUELINE     WACK  3  , 
      DAVID     M Ö NNICH  3,4,5  ,       DANIELA     THORWARTH  3  ,       DAMIEN     PEREZ  1,4,6  ,       ARMIN     L Ü HR  1,4,6  , 
      DANIEL     ZIPS  1,A  ,       MECHTHILD     KRAUSE  1,2,4,6,7  ,       MICHAEL     BAUMANN  1,2,4,6,7  , 
      ROSALIND     PERRIN  1,B     &         CHRISTIAN     RICHTER  1,2,4,6,7    

   1 OncoRay  –  National Center for Radiation Research in Oncology, Faculty of Medicine and University Hospital 
Carl Gustav Carus, Technische Universit ä t Dresden, Helmholtz-Zentrum Dresden  –  Rossendorf, Dresden, 
Germany,  2 Department of Radiation Oncology, Faculty of Medicine and University Hospital Carl Gustav Carus, 
Technische Universit ä t Dresden, Dresden, Germany,  3 Section for Biomedical Physics, University Hospital for 
Radiation Oncology, Eberhard Karls Univers ä t T ü bingen, Germany,  4 German Cancer Research Center (DKFZ), 
Heidelberg, Germany,  5 German Cancer Consortium (DKTK), T ü bingen, Germany,  6 German Cancer Consortium 
(DKTK), Dresden, Germany and  7  Helmholtz-Zentrum Dresden  –  Rossendorf, Institute of Radiooncology, Dresden, 
Germany                             

  ABSTRACT 

 To determine by treatment plan comparison differences in toxicity risk reduction for patients with head

  Materials and methods.  For 45 HNSCC patients, intensity-modulated photon (IMXT) and proton (IMPT) treatment 
plans were created including a dose escalation via simultaneous integrated boost with a one-step adaptation strategy 
after 25 fractions for sequential boost treatment. Dose accumulation was performed for pure IMXT treatment, pure 
IMPT treatment and for a mixed modality treatment with IMXT for the elective target followed by a sequential boost 
with IMPT. Treatment plan evaluation was based on modern normal tissue complication probability (NTCP) models for 
mucositis, xerostomia, aspiration, dysphagia, larynx edema and trismus. Individual NTCP differences between IMXT 
and IMPT ( ∆ NTCP IMXT-IMPT ) as well as between IMXT and the mixed modality treatment ( ∆ NTCP IMXT-Mix ) were 
calculated. 
  Results.  Target coverage was similar in all three scenarios. NTCP values could be reduced in all patients using IMPT 
treatment. However,  ∆ NTCP IMXT-Mix  values were a factor 2 – 10 smaller than  ∆ NTCP IMXT-IMPT . Assuming a threshold of 
   �    10% NTCP reduction in xerostomia or dysphagia risk as criterion for patient assignment to IMPT, less than 15% of 
the patients would be selected for a proton boost, while about 50% would be assigned to pure IMPT treatment. For 
mucositis and trismus,  ∆ NTCP    �    10% occurred in six and four patients, respectively, with pure IMPT treatment, while 
no such difference was identifi ed with the proton boost. 
  Conclusions.  The use of IMPT generally reduces the expected toxicity risk while maintaining good tumor coverage 
in the examined HNSCC patients. A mixed modality treatment using IMPT solely for a sequential boost reduces the 
risk by 10% only in rare cases. In contrast, pure IMPT treatment may be reasonable for about half of the examined 
patient cohort considering the toxicities xerostomia and dysphagia, if a feasible strategy for patient anatomy changes is 
implemented.   
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 Background.
and neck squamous cell carcinoma (HNSCC) from proton therapy either used for complete treatment or sequential
boost treatment only. 
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 Proton therapy (PT) of patients with head and neck 
squamous cell carcinoma (HNSCC) allows for the 
reduction of dose to the surrounding organs at risk 
(OAR) compared to photon therapy (XT) [1,2]. This 
may translate to reduced incidence of toxicities after 
radiotherapy treatment. However, the use of PT is 
largely restricted by the availability of PT centers. 
With respect to these limited PT resources, a larger 
number of patients could be treated with PT, if only 
the sequential boost is given with protons. Such a 
treatment approach would be reasonable, if there is 
an expected advantage compared to conventional 
XT treatment. 

 Another potential advantage of using PT for the 
sequential boost only is the reduced risk of degraded 
dose distributions in PT caused by anatomical 
changes of the patient during the whole treatment 
course of several weeks due to the reduced treatment 
time spent for PT. 

 The use of ion therapy for sequential boost treat-
ment was investigated for malignant salivary gland 
tumors by several groups showing the feasibility in 
terms of acceptable toxicity and tumor control [3,4]. 
A comparison to toxicities in standard radiotherapy 
was not performed. Thus, the benefi t of PT for a 
partial treatment compared to conventional XT and 
complete PT was not evaluated and yet remains 
unclear. 

 Recently, Jakobi et   al. [5] presented a treatment 
planning study comparing intensity-modulated XT 
(IMXT) and intensity-modulated PT (IMPT) for 
locally advanced HNSCC patients aiming at the 
identifi cation of patients with larger benefi t from PT 
using normal tissue complication probability (NTCP) 
models. Here, we present a detailed treatment plan 
analysis for the same cohort of 45 patients comparing 
toxicity risk in terms of NTCP when using IMXT 
followed by a sequential IMPT boost. These results 
are compared to a pure IMXT and a pure IMPT 
treatment for evaluation of the potential benefi t for 
the patient.  

 Material and methods  

 Patient selection, treatment schedule, volume defi nition, 
treatment planning 

 Imaging data included computed tomography (CT) 
and FDG positron emission tomography (PET) for 
45 patients with HNSCC. All patients gave written 
consent for the use of their data. The study was 
approved by the local ethics committee. 

 According to a planned multi-centric clinical 
trial, a treatment schedule was defi ned, which con-
sists of two main treatment series planned on two 
different CT datasets: First, the treatment series of 
25 fractions for the elective target volume on a 

baseline CT with 2 Gy per fraction plus a simultane-
ous integrated boost (SIB) to the gross tumor vol-
ume (GTV), starting after 10 fractions with 2.3 Gy. 
Second, a sequential boost of 11 fractions on a fol-
low-up FDG-PET/CT scan taken after 20 fractions 
was planned with 2 Gy to the GTV and suspect 
lymph nodes plus a SIB to FDG avid volumes inside 
the GTV. An elective clinical target volume (CTV elec ) 
was created for the fi rst treatment series including 
lymphatic pathways and a CTV boost  as expansion of 
the GTV for subclinical spread. The CTVs were 
expanded by 5 mm in cranio-caudal direction and 
4 mm in plane, retaining a 3 mm distance to the 
external contour for creation of the planning target vol-
ume (PTV). OARs were only delineated outside the 
GTV and when a substantial portion was not infi ltrated 
(physician ’ s decision). Delineated OAR were spinal 
cord (45 patients), brain stem (45 patients), parotid 
glands (45 patients), brachial plexus (45 patients), 
mucosa (45 patients), swallowing muscles (45 patients), 
larynx (37 patients), esophagus (45 patients), mandible 
(44 patients), temporomandibular joints (44 patients), 
submandibular (44 patients contralateral, 43 ipsilateral) 
and sublingual glands (41 patients contralateral, 
36 ipsilateral). 

 IMPT treatment planning was based on a stan-
dard set of three coplanar angles ( � 40 ° , 40 ° , 180 ° ), 
which were adapted to the individual patient anat-
omy (e.g. for one-sided sequential boost volumes). A 
constant correction factor of 1.1 was used for the 
higher relative biological effectiveness of protons 
compared to photons, such that all values given in 
Gy actually mean GyE for PT. Step and shoot IMXT 
planning was done with seven coplanar, equally dis-
tributed beam angles. The beam number was reduced 
to fi ve for the sequential boost in case of a one-sided 
sequential boost volume. Plan optimization had to 
fulfi ll  V  95%     �    95% for the planning target volumes, 
while minimizing  V  107%  and aiming for a homoge-
neous dose distribution with the mean dose close to 
the prescribed dose. Target goals were compromised 
if necessary to achieve dose constraints of the spinal 
cord ( D  max     �    45 Gy), brain stem ( D  max     �    54 Gy) and 
brachial plexus ( D  max     �    72 Gy). For other OAR like 
parotids, larynx, oral cavity and mandible the dose 
was minimized without compromising tumor cover-
age. Dose constraints for the OAR were scaled for 
the two series according to the planned total dose. 
The constraints had to be fulfi lled independently 
in the respective series plans without considering 
possible dose reduction in the sequential series. This 
allowed for the creation of the mixed modality treat-
ment plans (IMXT followed by IMPT boost) by 
summation of the IMXT plan for the elective volume 
and the IMPT plan for the sequential boost without 
further optimization. Treatment planning for the 
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less than 1%. The median difference of individual 
 V  107%,IMXT   �   V  107%,IMPT  in the PTV excluding the 
SIB volume expanded by 5 mm was 0%. The pri-
oritized dose constraints for spinal cord, brain stem 
and brachial plexus were fulfi lled with both IMXT 
and IMPT. The integral dose outside the target vol-
ume (total amount of absorbed energy) with IMXT 
was about twice the dose with IMPT for all patients, 
highlighting the generally reduced normal tissue dose 
achievable with IMPT. Similarly, the CN was lower 
with on average 0.75    �    0.04 for IMXT compared to 
the IMPT plans with CN    �    0.83    �    0.03, refl ecting 
the less conformal dose of the IMXT treatments. 
Dose differences between IMXT and IMPT and 
between IMXT and the mixed modality treatment 
are illustrated in Figure 1 for two exemplary 
patients.   

 NTCP evaluation 

 With only few exceptions, NTCP values were reduced 
in all patients with pure IMPT treatment and IMPT 
boost treatment compared to IMXT treatment. The 
exceptions occurred in single patients for the toxici-
ties aspiration (two patients with IMPT boost), swal-
lowing dysfunction (two patients with IMPT boost), 
larynx edema (one patient with IMPT boost), 
mucositis (two patients with IMPT boost) and tris-
mus (one patient with pure IMPT), cf. patients with 
negative values in Figure 2 and Supplementary 
Figure 1 (available online at http://informahealth
care.com/doi/abs/10.3109/0284186X.2015.1071920
). NTCP Mix  values were signifi cantly higher than 
NTCP IMPT  values, but still signifi cantly lower than 
NTCP IMXT  (p    �    0.001 for all NTCP models). The 
magnitude of the differences was patient and toxicity 
dependent. This is shown exemplarily in Figure 2 for 
the three toxicities mucositis, physician-rated swal-
lowing dysfunction and xerostomia. For the other 
four toxicities, similar images can be found in the 
Supplementary Figure 1 available online at http://
informahealthcare.com/doi/abs/10.3109/0284186X.
2015.1071920. 

 Using a threshold of  ∆ NTCP IMXT-Mix     �    10% as 
treatment selection criteria for PT, the sequential 
proton boost would lead to a selection of only 0, 0, 
2, 25, 6, 2 and 7 patients for oral mucositis, trismus, 
xerostomia, aspiration, physician-rated swallowing 
dysfunction, patient-rated problems with swallowing 
solid food and larynx edema, respectively. In con-
trast,  ∆ NTCP IMXT-IMPT     �    10% was achieved for 
these toxicities in additional 6, 4, 26, 10, 13, 12 and 
12 cases, respectively, indicating the higher probability 
of toxicity reduction with pure IMPT. The number 
of patients with  ∆ NTCP    �    10%, 5 – 10% and  �    5% 

presented treatment planning study was independent 
of the actual clinical treatment of the patients. 
A more detailed description of the patient character-
istics, treatment schedule, target defi nition and treat-
ment planning is presented in Jakobi et   al. [5].   

 Evaluation of treatment plans 

 Dose accumulation of the treatment plan series was 
performed on the baseline CT using a deformable 
registration based on the respective CTs using a dif-
feomorphic demon algorithm implemented in the 
software package 3DSlicer [6]. The image registra-
tion was validated based on a qualitative assessment 
with vector fi eld visualization and a quantitative 
assessment using contour comparisons and dose 
value comparisons [7]. The cumulative treatment 
dose was used for OAR evaluation, while target 
parameters were evaluated separately for IMXT and 
IMPT on the CT dataset which contained the respec-
tive volume (elective PTV on baseline CT, sequential 
boost volume on in-treatment CT). Dose conformity 
for the respective target volumes was evaluated with 
the conformity number (CN) [8]. Perfect conformity 
is represented by CN    �    1 and lower values describe 
decreasing conformity. 

 Biological evaluation was done for several clinical 
endpoints based on modern NTCP models with 
both, underlying patient characteristics and treat-
ment procedures similar to the presented study: 
Incidence of acute oral mucositis (grade    �    3) [9], aspi-
ration assessed by videofl uoroscopy [10], xerostomia 
12 months after therapy [11], subjective and objective 
swallowing dysfunction [12], late larynx edema 
(grade    �    2) [13] and trismus assessed as jaw-opening 
 �    35 mm [14], cf. Jakobi et   al. [5] for details. 

 Individual matched-pair NTCP differences between 
a patient ’ s IMXT and IMPT treatment plan 
( ∆ NTCP IMXT-IMPT ) as well as between IMXT and 
mixed modality treatment plans ( ∆ NTCP IMXT-Mix ) 
were determined. These differences were tested for 
statistical signifi cance using two-sided paired t-tests 
with a signifi cance level of 0.05. A benefi t for IMPT or 
the mixed modality treatment was defi ned as an 
individual  ∆ NTCP IMXT-IMPT  or  ∆ NTCP IMXT-Mix 
    �    10%, similar to the model-based approach for patient 
identifi cation proposed by Langendijk et   al. [15].    

 Results  

 Physical dose characteristics 

 The IMXT and IMPT treatment plans were of similar 
quality with respect to target dose coverage parame-
ters evaluated on both CT datasets. The median 
difference of individual  V  95%,IMXT   �   V  95%,IMPT  was 
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is given in Table I for pure IMPT and the mixed 
modality treatment. 

 In addition to the toxicity-wise evaluation, an 
individual patient assessment was performed by 
determining the number of the seven examined tox-
icities with  ∆ NTCP    �    10% per patient, cf. Figure 
3a. The large difference in toxicity risk reduction 
between the two proton techniques, pure IMPT on 
the one hand and the proton boost on the other 
hand, was refl ected in this evaluation.  ∆ NTCP    �    10% 
for maximum one of the toxicities occurred in 33 of 
45 patients with the proton boost, indicating the 
small effect of this technique in most of the patients. 
Such a small number of toxicities with a relevant 
NTCP reduction was only the case for 14 patients 
when using pure IMPT. In contrast, with pure IMPT 
a NTCP reduction    �    10% for at least three toxicities 
was possible for 22 of 45 patients, but only three 
patients showed this desirable difference using 
the mixed modality treatment. Applying an alterna-
tive selection criterion of  ∆ NTCP    �    5% revealed 
the same tendency for the different scenarios, cf. 
Figure 3b.    

 Discussion 

 The presented treatment planning study was per-
formed to estimate the potential benefi t of a sequen-
tial proton boost in terms of toxicity risk reduction 

for patients with advanced HNSCC. With the pre-
sented treatment schedule, three patients could be 
treated with a sequential boost treatment in the same 
time slots at the treatment machine, instead of only 
one patient with pure IMPT. 

 The use of IMPT reduced the probability of tox-
icity incidence in both scenarios compared to IMXT. 
However, the effect was small using IMPT only for 
a sequential boost treatment following IMXT of the 
elective volume compared to the complete treatment 
with IMPT. For all NTCP models, except for aspira-
tion, the fraction of patients eligible for referral to a 
sequential proton boost according to a threshold of 
 ∆ NTCP IMXT-Mix     �    10 % was between 0% and 15%, 
while for a pure proton treatment 10% to 60% of the 
patients were eligible. These numbers might be 
infl uenced by the distribution of the tumor location 
in the investigated patient cohort and could deviate 
for a different patient cohort composition. However, 
the general tendency of the reduced benefi t using 
IMPT for sequential boost appears to be indepen-
dent of the patient cohort composition as almost all 
patients showed a higher NTCP reduction with pure 
IMPT. The number of toxicities with reduced risk for 
the individual patient was higher with pure IMPT, 
where for almost half of the patients at least three 
NTCP models showed a reduction of more than 
10%, compared to three of 45 patients with PT boost 
only. The small NTCP benefi t for the sequential 

  Figure 1.     Dose differences overlaid on a sagittal and axial CT slice (slice positions are indicated by white lines) between pure IMXT plan 
and mixed modality treatment plan (left column) as well as between pure IMXT treatment and pure IMPT treatment (right column) for 
two exemplary patients with primary tumor site in the oropharynx (upper row) and the hypopharynx (lower row). The elective target 
volume is depicted in dark red and the gross tumor volume (GTV) in blue. Dose differences are small in the sequential boost volume 
consisting of GTV and involved lymph nodes (not depicted), increasing in the part of the elective volume in which no sequential boost is 
applied (right neck in patient A, left neck in patient B) and largest in the normal tissue surrounding the elective volume.  
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boost treatment with PT results from the large elec-
tive volume, which is treated with photons in both, 
pure IMXT and mixed modality treatment, resulting 
in a high integral dose outside the target volume. The 
sequential boost treatment adds only about a third 
of the prescribed total dose and is confi ned to a 

smaller anatomical region, as it is focused on the 
GTV. As a consequence, OARs which are distant 
to the GTV will encounter only slightly increased 
dose with an additional sequential boost treatment. 
Thereby, the effect of the more conformal proton 
dose distribution is reduced when used only for boost 
treatment. For this reason,  ∆ NTCP IMXT-Mix     �    10% 

  Figure 2.     Differences in NTCP between pure IMXT and pure 
IMPT ( ∆ NTCP IMXT-IMPT , dark blue) and between pure IMXT 
and mixed modality treatment ( ∆ NTCP IMXT-Mix , light blue) for 
individual patients sorted according to the  ∆ NTCP IMXT-IMPT  
values for three different toxicities. The gray dotted line indicates 
10% difference used as possible selection criterion in the model-
based approach.  

  Table I. Number of patients with  ∆ NTCP in the specifi ed 
ranges.  

  ∆ NTCP IMXT-IMPT / ∆ NTCP IMXT-Mix  

Toxicity  �    10 % 5 – 10%  �    5%

Aspiration 35/25 4/9 6/11
Xerostomia 28/2 14/15 3/28
Larynx edema 19/7 3/5 20/30
Physician-rated swallowing 

dysfunction
19/6 14/14 4/17

Patient-rated problems 
swallowing solid food

14/2 17/16 6/19

Oral mucositis 6/0 18/0 21/45
Trismus 4/0 18/0 23/45

(a)

(b)

  Figure 3.     Number of toxicities per patient for which NTCP was 
reduced by (a) more than 10% and (b) more than 5% compared 
to the pure IMXT technique. In total, seven toxicities were 
evaluated.  



 NTCP benefi t of proton boost in advanced HNSCC 1663

occurs for patients whose tumor is localized close to

the OAR relevant for the specific side effect.

However, even for those patients, the use of pure

IMPT would reduce the toxicity risk by a higher

value. The possibility to offer PT to more patients

when using the technique only for the sequential

boost may not outweigh the reduced benefit in terms

of NTCP reduction.

A limitation of the presented results is the use of

NTCP models that were not specifically validated

for the presented patient cohort and treatment

technique. As the model-based approach [15]

depends on the validity of the underlying NTCP

models, this may induce uncertainties to the results.

Thus, the treatment may lead to different toxicity

rates than estimated here. However, the model

choice was limited to models generated from similar

patient cohorts and similar photon treatment tech-

niques. The obtained NTCP values are in the

expected range and thus using the selected models

seems reasonable for the presented analysis.

Furthermore, while other models may lead to

different absolute NTCP values, the observed overall

trend in the relative differences might be robust.

Another limitation is the use of two image

datasets for treatment planning and dose evaluation.

On the one hand, the use of a second image dataset

acquired during treatment for treatment plan adap-

tation is a reasonable approach for PT which is

highly sensible to anatomical changes of the patient.

However, the use of two image datasets still

represents only two snapshots of the patient. Thus,

the evaluated dose distribution is a nominal one and

may not be a good representation of the ‘‘dose of the

day’’ in case of large anatomical changes, which can

be subject to higher dose degradations [16]. On the

other hand, the use of more than one image dataset

required a deformable image registration for dose

accumulation. Although, the registration had been

validated and was deemed of good quality, additional

uncertainties in the dose distribution are introduced

by the use of deformed dose cubes. However, these

uncertainties are similarly present in the IMPT and

IMXT treatment plans.

In conclusion, IMPT used for complete treatment

or as sequential boost option reduced the expected

toxicity risk compared to IMXT while maintaining

good tumor coverage in the examined HNSCC

patients. The mixed modality treatment using IMPT

solely for sequential boosting offers a desired

minimum risk reduction of � 10% only in rare

cases. In contrast, pure IMPT treatment may be

beneficial in terms of expected toxicity risk reduction

for the main toxicities xerostomia and dysphagia for

about half of the examined patient cohort. The

implementation of pure PT for HNSCC patients

requires a feasible protocol for handling anatomical

changes of the patient throughout the treatment

course. The availability of PT to a larger number of

patients and the minor toxicity reduction for a

sequential proton boost treatment of HNSCC

patients need to be balanced in clinical practice.

Based on the presented analysis pure PT would be

preferential in the clinical setting.
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